Pharyngeal lumen volume is prone to increase as a consequence of pharyngeal muscle atrophy in aging. Yet, the impact of this on swallowing mechanics and function is poorly understood. We examined the relationship between pharyngeal volume and pharyngeal swallowing mechanics and function in a sample of healthy community-dwelling seniors. Data were collected from 44 healthy seniors (21 male, mean age = 76.9, SD = 7.1). Each participant swallowed 9 boluses of barium (3 9 5 ml thin, 3 9 20 ml thin, 3 9 5 ml nectar). Pharyngeal shortening, pharyngeal constriction, pyriform sinus and vallecular residue were quantified from lateral view videofluorosopic swallowing studies. Pharyngeal lumen volume was captured during an oral breathing task with acoustic pharyngometry. In addition, within-participant measures of strength and anthropometrics were collected. Four linear mixed effects regression models were run to study the relationship between pharyngeal volume and pharyngeal constriction, pharyngeal shortening, pyriform sinus residue, and vallecular residue while controlling for bolus condition, age, sex, and posterior tongue strength. Increasing pharyngeal lumen volume was significantly related to worse constriction and vallecular residue. In general, larger and thicker boluses resulted in worse pharyngeal constriction and residue. Pharyngeal shortening was only significantly related to posterior tongue strength. Our work establishes the utility of acoustic pharyngometry to monitor pharyngeal lumen volume. Increasing pharyngeal lumen volume appears to impact both pharyngeal swallowing mechanics and function in a sample of healthy, functional seniors.
Introduction
The proportion of seniors in the US is projected to dramatically increase from 13% (2010) to over 20% (2030) [1] . The literature suggests that between 11 and 38% of healthy, community-dwelling seniors experience disruption to swallowing function [2] [3] [4] [5] [6] [7] [8] which can potentially disrupt their nutrition, hydration, pulmonary health, and quality-oflife. When patients with dysphagia are admitted to the hospital, they experience a 40% longer length-of-stay than those without dysphagia; an increase that has been conservatively estimated to cost 547 million dollars per year [9] . This underscores the importance of identifying underlying mechanisms responsible for the development of dysphagia in the context of healthy aging and exploring ways to prevent and/or rehabilitate dysphagia in our rapidly aging society.
Age-related atrophy (sarcopenia) of the swallowing musculature has been widely adopted as an explanation for the decline in swallow function observed with advancing age. This phenomenon has been established in the tongue [10] [11] [12] [13] and the geniohyoid muscle [14] and there is also a body of evidence that suggests that the pharyngeal muscles experience age-related atrophy [15] [16] [17] . Not surprisingly, there is complimentary evidence that pharyngeal lumen size (i.e., the volume of the pharynx) increases with aging. Comparison of neck MRIs between healthy younger and older women confirms that decreased muscle thickness occurs alongside increases in pharyngeal lumen volume [18] . The width of the pharynx during maximal expansion is significantly greater in elderly subjects compared with younger controls [15] . Finally, recent data using 320-row area detector computed tomography have shown that hypopharyngeal volume increases with aging [19] . During swallowing, the pharyngeal muscles constrict and shorten the pharynx to prevent incomplete clearance of the bolus from the pharynx. Thus, pharyngeal muscle atrophy and expanding pharyngeal lumen size are possible explanations for the observation of post-swallow residue in older individuals [20] [21] [22] .
Yet, the relationship between pharyngeal lumen volume and swallowing function in healthy aging is not well understood. This gap in our knowledge is partially attributable to the lack of a practical and non-invasive method for quantifying pharyngeal volume. In this study, we employ the use of acoustic pharyngometry (AP), a noninvasive, reliable, and valid tool used in sleep and dental medicine [23] [24] [25] [26] [27] [28] [29] [30] . AP works much like sonar, whereby sound waves are reflected within the oral and pharyngeal cavities to provide 3D measures of space. AP waveforms captured during breathing can be analyzed to calculate oral and pharyngeal length as well as oral and pharyngeal volume [31] .
The primary goal of this research is to investigate the influence of pharyngeal volume on pharyngeal swallowing biomechanics (pharyngeal constriction and shortening) and post-swallow residue (in the vallecular and pyriform sinuses) in the context of healthy aging. Our overarching hypothesis was that increasing pharyngeal lumen volume would be associated with reductions in pharyngeal constriction, reductions in pharyngeal shortening, and increases in pharyngeal residue. Our research design allowed us to simultaneously investigate the influence of bolus condition (volume and viscosity), age and strength (tongue and hand grip) on pharyngeal biomechanics, and pharyngeal residue in healthy aging seniors.
Methods

Participants
Forty four healthy seniors (21 male) over the age of 65 were recruited from local community centers. Exclusion criteria included a history of neurological disease/insult, significant head and neck surgery, and/or chemoradiation to the head and neck. Our goal was to recruit a sample that would represent a range of sarcopenia/frailty; therefore, we screened tongue strength during recruitment events. We targeted both weak and strong individuals by enrolling a convenience sample of equal distribution of men and women with tongue strength over and under 40 kilopascals on the Iowa Oral Performance Instrument (IOPI) as this value appears to demarcate weak and strong older adults [32] [33] [34] . This study was approved by the local IRB and all subjects engaged in written consent to participate.
Data Collection
Data collection spanned two consecutive days. Day One was completed at the University Clinic and involved collecting participant demographics, interviews, and oral motor sensory exams to ensure that participants met inclusion/exclusion criteria. Height was measured with a free-standing stadiometer. Next, various screening tasks were completed including EAT-10 [35], 3-ounce water swallow challenge [36] , and the Frailty Index [37] . With the exception of hand grip strength (collected as a component of the Frailty Index), results from these screening tasks are not reported in this manuscript as they were collected for as part of a different hypothesis/aim. Maximal handgrip (left and right) was measured with a digital dynamometer (Jamar) according to the operating manual. The highest value per participant was chosen to represent grip strength. Finally, anterior and posterior tongue strengths were measured using the IOPI. Correct tongue bulb placement and compression location were first demonstrated by a trained research assistant and then practiced by the participant. The anterior position required the bulb placed on the tongue blade to be pressed against the alveolar ridge while the posterior position required the bulb to be placed on mid-dorsum and pressed against the mid-palate. After demonstration and practice, each participant conducted three tongue presses per position and the average score was used to represent tongue strength (see Table 1 ).
Day Two measures were collected at a local hospital and included acoustic pharyngometry (AP) and Videofluoroscopy (VF) protocols. AP was collected using the ECCOVISION Ò Acoustic Pharyngometer TM (Sleep Group Solutions). During AP acquisition, subjects were comfortably seated in a chair with their head and spine in a neutral position. The participant comfortably positioned the singleuse mouthpiece connected to the wavetube in their oral cavity (lips outside the mouthpiece with teeth and tongue resting lightly in the corresponding guards/trays). Next, while the examiner held the wavetube parallel to the floor, the participant was instructed to complete the AP protocol breathing tasks: oral breathing, nasal breathing, and modified Valsalva. These breathing tasks are required for postprocessing within the ECCOVISION to measure pharyngeal volume. This process requires manually locating the velum (the lowest first trough from the nasal breathing task) and the glottis (the third trough of the modified Valsalva) to allow the examiner to calculate pharyngeal volume (between the velum and glottis) from the oral breathing waveform (see Fig. 1 ). These procedures have been previously published [38] , validated against MRI and CT [25, 30, 39] , and established to be reliable [31] .
The full VF protocol included 12 self-administered, uncued barium boluses (Varibar; Bracco Imaging) by 30 ml medicine cups; however, only the following 9 barium boluses are included in this analysis: 3 9 5 ml thin liquid, 3 9 20 ml thin liquid, 3 9 5 ml nectar thick liquid. Thin liquid barium was diluted 50% with water to create 'ultra-thin' liquid (20% w/v) which has been shown to be more sensitive to aspiration than the standard (40% w/v) preparation [40] . Each bolus, measured via syringe, contained an additional 1 ml more than the target volume based on research that confirms significant volumes of barium remain in the medicine cup after the swallow [41] . The order of bolus presentation was fixed to minimize aspiration risk (small boluses first) and to prevent contamination of thicker boluses (nectar last) to later trials. The VF data were collected on a GE Advantix digital fluoroscope (GE Healthcare) at a pulse rate of 30 pulses per second and captured at 30 frames per second on a Kay Pentax Digital Swallowing Workstation.
Data Analysis
All individual bolus clips were spliced out of the larger videofluoroscopic studies and randomized for blinded analysis by trained graduate and doctoral students using ImageJ [42] freeware. Variables of interest for the present study include measures of pharyngeal constriction, pharyngeal shortening, and pharyngeal residue. Each bolus was also rated on the penetration-aspiration scale [43] to confirm the overall level of functionality of these healthy seniors.
Pharyngeal constriction was captured by measuring the normalized maximum pharyngeal constriction area (MPCAn) on the frame of maximal constriction per previously published procedures [44] . Traditional pharyngeal constriction ratio measures [45] were not possible given that our data collection protocol did not include a 1 ml bolus hold measure that is required to make this calculation. MPCAn is calculated by expressing the unobliterated area of the pharynx (represented by bolus or air) at maximal constriction during the swallow to the squared C2-4 length of the participant (which normalizes the area to the size of the participant). An example is provided in Fig. 2a . When the pharynx is fully constricted, MPCAn is zero. Pharyngeal shortening (PS) was originally measured in this dataset by tracking the peak position of the pyriform sinuses relative to the spine. However, this method yielded sub-par inter-and intra-rater reliability given that the bolus obstructs these structures at the height of the swallow. Therefore, building on research that confirms the strong mechanical correlations between PS and laryngeal elevation [46, 47] , the peak superior position of the laryngeal air column (at the intersection of the vocal folds and the posterior trachea) was chosen as a proxy to pharyngeal shortening. Thus, the vertical position of the laryngeal air column at swallow peak was calculated from the anterior inferior corner of the C4 vertebra and normalized to the C2-4 length to control for subject size [48] . An example is provided in Fig. 2b .
Finally, quantitative measures of post-swallow residue were captured using the normalized residue ratio scale for the vallecular and pyriform sinuses (NRRSv and NRRSp, respectively) [49] .
Twenty percent of all VF and AP data was selected at random and repeated by the original rater and also by a second trained research assistant to confirm adequate intraand inter-rater reliability.
Statistical Analysis
Data were analyzed in IBM SPSS Statistics 24.0. Reliability was assessed using two-way mixed intraclass coefficients for consistency. Descriptive statistics were prepared for all dependent variables. Pearson correlations were calculated to assess the relationship between age and pharyngeal lumen volume. Variance inflation factor (VIF) was calculated to identify collinear predictors and demonstrated moderate collinearity (VIF [ 3) for several predictors. Variables were systematically removed according to hypothesized significance for the research design. VIFs were deemed appropriate (\ 3) with a set of variables including pharyngeal volume, age, and posterior tongue strength as predictors. Linear mixed effect regression models were run for each dependent variable (MPCAn, PS, NRRSv, NRRSp) while controlling for within-subject repeated measures (swallow trial within bolus condition) and using a compound symmetry structure. Sex and bolus condition were included as fixed between-subjects factors, and pharyngeal volume, posterior tongue strength, and age were included as fixed withinsubject factors. Post-hoc comparison of significant between-subject main effects used Sidak adjustments to control for multiple comparisons. Table 1 summarizes participant demographics and physical characteristics. T-tests were conducted to compare demographic variables between men and women. Predictably, height, pharyngeal volume, and hand grip strength were significantly greater in men compared with women. Note that all biomechanical swallowing parameters controlled for subject size (through normalization to C2-4 length).
Results
Reliability results for all measured variables appear in Table 2 . Only one score (inter-rater ICC for NRRSv) narrowly missed the 'excellent' category of ICC [ 0.75, and is thus categorized on the high end of the 'good' reliability range [50] .
PAS scores are reported here to confirm the level of functionality of this sample of healthy seniors. PAS scores of 1 and 2 are considered normal [51, 52] . Of the 372 boluses administered in this analysis, only nine had PAS scores greater than 2 (eight scores of PAS = 3, one score of PAS = 5). These nine scores come from 8 different participants. Therefore, the overall rate of penetrationaspiration was 2.4% of swallows (9/372) and 18.1% of participants (8/44) . Descriptive statistics for all dependent variables are reported by bolus condition in Table 3 .
Pharyngeal Lumen Volume
Correlations between pharyngeal lumen and each dependent variable are listed in Table 4 . A significant main effect of pharyngeal volume was found using linear mixed effects regression models for both pharyngeal constriction (F = 6.55, p = 0.015) and vallecular residue (F = 7.75, p = 0.008) and trended toward significance for pyriform sinus residue (F = 3.91, p = 0.055). For every unit (1 cm 3 ) increase in pharyngeal volume, our data showed a 0.0013 increase in MCPAn (worse constriction with increasing volume) and a 0.0015 increase in NRRSv (worse vallecular residue with increasing volume). There was no significant effect of pharyngeal volume on pharyngeal shortening (F = 1.17, p = 0.286).
Tongue Strength
Pharyngeal shortening was the only dependent variable to have a main effect for posterior tongue strength (F = 4.64, p = 0.037). For every unit increase in posterior tongue strength (1 kPa), our data showed a 0.24% C2-4 increase in pharyngeal shortening (improved shortening with stronger posterior tongue). There were no significant main effects of tongue strength for MPCAn or either NRRS score.
Age and Sex
Neither age nor sex was a significant independent predictor of any of the four dependent variables.
Bolus Condition
A significant main effect of bolus condition was found in each model (MCPAn: F = 39.4, p \ 0.000; PS: F = 5.63, p = 0.004; NRRSv: F = 10.25, p \ 0.000; NRRSp: F = 3.06, p = 0.048). Post hoc pairwise comparisons elucidated several significantly different pairs (see Table 5 , significant findings are bolded). In general, increasing volume and increasing viscosity resulted in more pharyngeal shortening, less constriction, and worse residue.
Discussion
In this study, we explored the relationship between pharyngeal lumen volume and pharyngeal swallowing in a sample of healthy community-dwelling seniors. Our specific questions focused on the relationship between pharyngeal lumen volume and pharyngeal swallow SD Standard deviation, MPCAn maximum pharyngeal constriction area normalized, C2-4% of the distance of the second to fourth cervical vertebrae, NRRS normalized residue ratio scale mechanics (pharyngeal constriction and shortening) and the function associated with these actions (clearance of residue from the valleculae and the pyriform sinuses). Our findings confirmed that there is a significant negative relationship between the size of the pharyngeal lumen and pharyngeal constriction, as well as pharyngeal residue. Significant efforts have focused on establishing that atrophy of swallowing musculature is responsible for the manifestation of age-related dysphagia, yet this notion has not been empirically investigated in the pharynx. A recent retrospective study of stroke patients by Sporns and colleagues [53] compared oropharyngeal muscle volume on CT and swallowing impairment on endoscopic evaluation of swallowing. Their analysis not only revealed significant reductions in muscle volume of the digastric and temporal muscles by increasing age group but also by increasing dysphagia severity. In this study, we used non-invasive acoustic pharyngometry to quantify the size of the pharyngeal lumen and gold-standard VF to capture swallowing mechanics and function. Our overarching theory is that the expansion of the pharyngeal lumen due to muscular atrophy (observed in advancing age) is an underlying mechanism for the development of age-related dysphagia.
Specifically, we found that increasing pharyngeal lumen volume was associated with worse pharyngeal constriction.
This finding is relatively intuitive-a larger space to constrict makes it more difficult to achieve full constriction. This finding aligns with previous studies showing that elderly subjects have greater unobliterated pharyngeal space during swallowing and worse pharyngeal constriction ratios compared to younger controls [15, 16] . Taken together, these findings lend support to the notion that expanding pharyngeal lumen volume in aging could be a contributing factor in developing age-related dysphagia, especially given that this relationship was detectable in a healthy, functional community-dwelling cohort. Interestingly, recent work by Nativ-Zelter and colleagues [54] using simultaneous high-resolution manometry and VF has demonstrated that healthy older individuals employ greater pharyngeal contraction compared with younger controls which could possibly be interpreted as a compensation for increasing pharyngeal lumen volume in aging.
This study has also confirmed a relationship between expanding pharyngeal lumen volume and increasing vallecular residue, and trended toward significance with increasing pyriform sinus residue. A function of pharyngeal constriction is to yield bolus clearing pressures [47] and thus the relationship between pharyngeal constriction and worse residue is physiologically expected and in line with our original hypotheses. This finding builds on work MPCAn maximum pharyngeal constriction area normalized, C2-4% of the distance of the second to fourth cervical vertebrae, NRRS normalized residue ratio scale 
Bolded values are significant
MPCAn Maximum pharyngeal constriction area normalized, C2-4% of the distance of the second to fourth cervical vertebrae, NRRS normalized residue ratio scale by Stokely and colleagues [55] which demonstrated that lower pharyngeal constriction (from 2D lateral VF) is associated with worse pharyngeal residue. We failed to detect a significant relationship between pharyngeal shortening and pharyngeal volume. Pharyngeal shortening is achieved through the contraction of the longitudinal muscles of the pharynx including stylopharyngeus, palatopharyngeas, and salpingopharygneas. Compared to the large, fan-shaped overlapping constrictor muscles, these relatively narrow longitudinal muscles of the pharynx may contribute less to the magnitude of pharyngeal lumen volume expansion observed in aging. Posterior tongue strength was significantly (and positively) associated with pharyngeal shortening, perhaps reflecting a relationship between the strength of these groups of oropharyngeal muscles.
When comparing pharyngeal constriction and postswallow residue to a referent 5 ml thin liquid bolus, participants demonstrated higher (worse) values for larger volumes and for thicker stimuli (for all comparisons except volume in the pyriforms). One could argue that these larger volumes and thicker viscosity conditions are 'more challenging' than the referent 5 ml thin liquid. These results, from a narrow range of stimuli, demonstrate that even subtle adjustments in texture and volume can challenge the aging system. Yet interestingly, the reverse pattern exists for pharyngeal shortening. Higher values (more shortening) were achieved in the more challenging (larger volume, thicker viscosity) conditions. The participants in our sample appeared to modulate pharyngeal shortening for the bolus they were presented. Taken in combination with the fact that pharyngeal shortening appears to be unaffected by pharyngeal lumen volume increases, it may be the case that the longitudinal muscles of the pharynx are relatively spared in the healthy aging process.
In addition to bolus condition, our research design allowed us to control for the variation attributable to age, sex, BMI, height, tongue strength (anterior and posterior), and hand grip strength. Because of high collinearity between variables, our final model only included posterior tongue strength, age, sex, and bolus condition. We did not find age or sex effects for any of the models that we tested. We included age in our analysis to determine if advancing age over 65 years was a continuous predictor of swallowing biomechanics and/or function which is was not. It should be noted that all of the dependent measures we included are normalized during the measurement process. This controls for variation attributable to participant size, which can contribute to apparent sex effects given that men are, on average, larger than women [56] .
This sample is composed of healthy seniors who volunteered to participate in a research study through recruitment from local community centers in a large urban neighborhood. Our distribution of penetration-aspiration scores is similar to those reported for other healthy older cohorts. However, we suspect that this dataset may have been vulnerable to a volunteer bias, in that our sample was relatively healthy and active compared with the average US senior. Indeed, frailty index measures [37] (collected for a different research question) revealed 18/44 participants scored 'non-frail,' 24/44 scored 'pre-frail,' and only 2/44 actually scored as 'frail.' Yet, despite this potential bias toward 'super' healthy seniors, the relationship between pharyngeal lumen volume and swallowing mechanics/function exists. We feel that this provides initial evidence that the reversal of pharyngeal muscle atrophy through specific exercises may be protective/preventative in healthy aging prior to the presentation of dysphagia. Further, this research establishes the utility of AP to monitor pharyngeal lumen volume in aging.
This study is not without its limitations. First, the interpretations are limited to our narrow range of stimuli and future work should expand this study to a larger range of textures and volumes. In addition, we acknowledge that the walls of the pharyngeal lumen are composed of more than just the constrictor and longitudinal muscles of the pharynx. The anterior portion of the lumen is composed of the base of the tongue as well as supraglottic larynx. We recognize that these structures are also prone to age-related changes that may contribute to increases in pharyngeal volume. The inclusion of posterior tongue strength was a deliberate choice to attempt to control for a portion of this variation. Further, two-dimensional measures of pharyngeal constriction are limited in detecting degree of constriction. Future research should confirm the relationship between expanding pharyngeal lumen volume and worsening pharyngeal function using high-resolution manometry. With respect to future studies, particularly significant contributions would be to establish a threshold of pharyngeal lumen volume that appears to result in functional impairment and to explore swallowing exercises that can reverse or counter-act pharyngeal atrophy.
Conclusion
In conclusion, we have confirmed that age-related pharyngeal atrophy in healthy seniors significantly (and negatively) impacts pharyngeal biomechanics and function. Specifically, we have demonstrated that larger pharyngeal lumen volume is associated with worse pharyngeal constriction and greater vallecular residue. These relationships were established in healthy aging individuals without complaint of dysphagia and thus exercises targeting pharyngeal muscle strengthening appear to hold promise as preventative and/or rehabilitative exercises to combat agerelated dysphagia.
